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Abstract—Capacitive micromachined ultrasonic trans-
ducers (cMUT) have become an alternative to piezoelectric
transducers in the past few years. They consist of many
small circular membranes that are connected in parallel. In
this work, we report a new detection method for cMUTs.
‘We model the membranes as capacitors and the intercon-
nections between the membranes as inductors. This kind
of LC mnetwork is called an artificial transmission line. The
vibrations of the membranes modulate the electrical length
of the transmission line, which is proportional to the fre-
quency of the signal through it. By measuring the electrical
length of the artificial line at a high RF frequency (in the
gigahertz range), the vibrations of the membranes can be
detected in a very sensitive manner. For the devices we
measured, we calculated the minimum detectable displace-
ment to be in the order of 10~5 A/+/Hz with a paossible
improvement to 10~7 A/+v/Haz.

I. INTRODUCTION

N THE PAST decade, silicon ¢cMUTs started to become
Ian alternative to piezoelectric transducers [1]-[5]. Us-
ing the standard silicon processes developed in the past 30
yr, along with micromachining technology, scientists devel-
oped reliable, small, and cheap transducers and transducer
arrays with comparable or better performance both in air
and immersion applications. Along with the capability of
high density integration toward forming 1-D and 2-D ar-
rays [6], [7], the main advantage of cMUTSs turned out to
be their good mechanical match to air without any match-
ing layers [8], and over 100% bandwidth in water [9]-[11].

CMUTs consist of many circular membranes in paral-
lel and are used for both generation and detection of ul-
trasound. The membrane is composed of a thin layer of
dielectric (usually SiN,) coated with a metal electrode. A
post layer supports the membrane over the substrate. The
substrate is conducting and functions as a ground plane.
The generation of ultrasound depends on the electrostatic
attraction force between the top electrode and the sub-
strate. When an alternating voltage with a large DC offset
is applied to the electrode, the membrane vibrates, cou-
pling acoustic power into the medium. For more detail on
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the analysis of the membrane structure and experimen-
tal results, the reader may refer to the previous work of
Khuri-Yakub et al. [12]-[15].

The membrane that generates ultrasound is used for de-
tecting it as well. The electrode and the substrate make up
a simple parallel plate capacitor. The detection of ultra-
sound depends on the vibration of the membrane caused
by an incident ultrasonic signal. The displacement of the
membrane results in a capacitance change that is measured
by monitoring the current under a constant bias voltage.
The magnitude of the current resulting from n parallel
membranes can be expressed as

I = 27Tf1VdC‘ﬂOﬂ (1)
Zo

where f1 is the ultrasound frequency, Vy, is the bias volt-
age, C is the capacitance of a single membrane, g is the
separation between the electrode and the substrate, and
Az is the magnitude of the displacement. The resulting
current is then amplified with a transimpedance amplifier.

To increase the displacement sensitivity of a cMUT as
an ultrasonic detector, there are three parameters to op-
timize. We can increase the bias voltage, which is limited
by the collapse voltage. We can decrease the gap between
the membrane and the substrate. But, this is not as effec-
tive as it seems because decreasing the gap decreases the
collapse voltage as well. Finally, we can increase the total
capacitance by increasing the number of membranes (n)
and/or the area of the individual membrane.

In this paper, we demonstrate an alternative method
to detect the displacement of a membrane in a more sensi-
tive manner, which was introduced in a previous work [16],
[17]. Similar to the conventional method, our method is
also based on the membrane capacitance variation upon
receiving an ultrasound signal. However, as a major differ-
ence, we pattern the top electrode covering the membrane
in the form of a transmission line and transmit a high fre-
quency signal (in the gigahertz range) through it instead
of applying a DC bias voltage. The vibrations picked up
by the membranes cause a phase modulation on the trans-
mitted RF signal. We detect the membrane vibrations by
demodulating the transmitted signal, which turns out to
be a very sensitive way of detecting mechanical vibrations.
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Fig. 1. The lumped element circuit model of a detector with five
elements.

II. Tue NEwW METHOD

The electrical model of a membrane is a simple parallel
plate capacitor. The membranes are connected through in-
terconnection lines. However small, these interconnection
lines can be modeled as lumped inductors. If the mem-
branes arc integrated in a series manner, as shown in Fig. 1,
then the resulting lumped-element circuit model is an LC
network, which may be called an artificial transmission
line. Note that the acoustical port of the detector is omit-
ted for the time being because the frequency of interest is
much higher than the mechanical resonance frequency of
the detector. From now on, we will call such signals RF
signals.

An artificial transmission line has a Bragg frequency
(Whragg = 2/ VLC) at which there is total reflection. For
frequencies well below the Bragg frequency, it has a char-
acteristic impedance Z, and a propagation constant 3 de-
termined by the L and C values as shown in (2) and (3),
where fy is the frequency:

Zo=1/7 ©

B =2rfoVLC. (3)

The propagation constant 8 has units of radians per sec-
tion. Thus, the electrical length (®) of the artificial trans-
mission line is

P=nxg

where n is the number of sections. At low frequencies (in
the low megahertz range), the electrical length of the arti-
ficial transmission line is negligible. Practically, all of the
membranes are in parallel, and the detector is similar to a
single lumped capacitor, as it is assumed in the generation
and conventional detection of ultrasound. As the frequency
increases, the electrical length of the artificial transmis-
sion line increases proportionally. Because the electrical
length is not negligible anymore, the detector becomes a
distributed element at these frequencies.

At the quiescent position (x = zp), the membranes have
a definite capacitance, and the electrical length of the line

Fig. 2. The electrical model of the detector.

is fixed at ®g = ®(=xp). If a high frequency RF signal is
applied from one of the ports, then the transmitted signal
measured from the other port is a replica of the input with
a phase shift that is equal to ®;. When the membranes
displace from their quiescent position with the effect of an
external pressure, the electrical length of the line and the
phase of the transmitted signal changes. In other words,
the phase of the transmitted signal is modulated by the
pressure on the membranes. For example, if an ultrasound
signal at 2 MHz is incident on the membranes, the phase of
the transmitted RF signal is modulated at 2 MHz. In the
new method, the external pressure is detected by phase-
demodulating the transmitted signal.

III. MATHEMATICAL FORMULATION

We include the acoustical port of the detector in the
model as shown in Fig. 2. The electrical side consists of
two transmission lines. One of them has a fixed electri-
cal length ®. The other one is a controlled phase-shifter
whose length is controlled by the mechanical port. The me-
chanical port of the detector is modeled as usual, which is
the Mason’s equivalent [18].

The membrane is a parallel plate capacitor whose ca-
pacitance is Cpp, = Ae€g/x, where A is the effective ca-
pacitor area and z is the parallel plate separation. In ad-
dition, there are always fringing capacitances that add
to the parallel plate capacitance and have very weak x
dependence. The interconnection lines between the mem-
branes are modeled as inductors, which is mostly true for
high impedance and short lines. However, there is always a
small parasitic capacitance associated with each inductor.
This capacitance also adds to the parallel plate capaci-
tance. Defining the sum of the fringing and parasitic ca-
pacitances as C, the total capacitance C' at the membrane
node is written as C' = Aeg/z+Cy. Assuming an n-section
artificial transmission line with identical membranes, the
electrical length ® can be written as ® = n - 27 fo/LC.

At the quiescent position of the membrane, the total ca-
pacitance is denoted as Cy = C(zg), and the propagation
constant is denoted as Gy = fB(xo), such that &g = nf.
The vibration of a membrane means that the parallel plate
separation x vibrates around the quiescent position zg. As
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a result, the capacitance of the membrane and the electri-
cal length of the artificial transmission line vibrate around
their quiescent values. We can expand ® around z = zg:

D(a(t)) = Dy + AD(Ax(t))

where Axz(t) = x(t) — zo. Then,

nBo Cppo
@ = Ax(t 4
A®(Aa()) = ~ £ 2 Aa) @
where Cppo = Cpp(we). For a RF signal of V; =

Vrr cos(2m fot) input to the detector, the output is (as-
suming that the artificial line is matched to the source)

Vo = Vrr cos27 fot — &g — AD(Ax(t))]. (5)

Consequently, the output of the detector is a phase-
modulated signal as discussed before.

In the well-known Mason’s equivalent, the mechanical
and electrical port of the detector are connected through
a transformer. The transformer relates the velocity at
the mechanical port to the current at the electrical port.
Therefore, the transformer ratio denoted by ¢ is expressed
in Coulomb per meter. By defining the transformer ratio as

_ (I)o’ncppo

2$0 VRF: (6)

where Vgp is the RF signal amplitude, we can write
AP(Az(t)) as a controlled quantity as shown in (7):

AD(Az(t)) = ——2

An—CO—VEI;Ax(t). (M

The displacement of the membranes (Az(¢)) can be de-
tected by measuring A®(Az(t)) of the transmitted signal.
One way to obtain A®(z(t)) is to use an interferometer,
which is one of the basic methods for phase measurements.
We first divide the input signal into two. One-half goes
through a transmission: line with fixed electrical length.
The other half goes through the artificial transmission line
made up of membranes. Then, the signals are summed
again as shown in Fig. 3(a). The amplitude of the inter-
ferometer’s output is a function of the electrical length
difference between the two arms, which is modulated by
the vibrations picked up by the membranes. The result is
an amplitude-modulated signal at the output of the inter-
ferometer. The vibration amplitude of the membranes is
measured by envelope detection.

Using a narrow-band phase modulation approximation
(A®(x(t)) < 1), we can write the output of the envelope
detector as shown in (8):

o () von (%) 2260

The quiescent phase difference between the two arms g4
should be chosen such that sin[®4/2] is close to but not
equal to 1 to achieve the optimum sensitivity. Note that the
choice of &4 = 7 causes distortion and should be avoided.

‘/aut = VRF‘
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Fig. 3. The interferometric (a) and direct method (b) to measure the
phase modulation.

Membrane vibrations can also be detected by directly
mixing the phase-modulated signal with a reference signal
and subsequent low-pass filtering as shown in Fig. 3(b).
Using the narrow band phase-modulation approximation
(A®(z(t)) < 1) again, we can expand the cosine term
in (5) and make necessary approximations to obtain

Vo = Var[cos(2w fot — $p)
+ sin(27 fot — @) AD(z(t))]. (9)

If we assume a sinusoidal vibration for the membranes such
as z(t) = xo+ Az sin(27 f1t), then the amplitude spectrum
of the transmitted signal contains a main signal at the RF
frequency fy and two sidebands at fy &+ f;. The sidebands
have amplitudes determined by the vibration magnitude
of the membranes. We measure the amplitude of the side-
bands (V,ut) to obtain Az, where

’I’L/B 0 CppO

Vout = Vip—o—rel
ul RF 4.7,'000

Ag. (10)

If we rewrite (10) in terms of the current, we obtain

Iout = ZWfUEnCppﬂga (11)
4 Lo

which looks similar to the output current in conventional
detection. We can compare the new method with the con-
ventional one by comparing (1) and (11). The DC bias
voltage term (which is usually in tens of volts in range)
in the conventional method is replaced by a few volts of
REF amplitude term in our method. The reduction in volt-
age magnitude is compensated with the replacement of
the vibration frequency f; by the RF frequency fy. Con-
sidering a vibration frequency in the megahertz range for
the membranes and an RF signal in the gigahertz range,
a few orders of magnitude improvement in the sensitivity
over the conventional method is possible. For applications
that involve lower vibration frequencies (kilohertz range or
lower), the improvement is even better.
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Fig. 4. A single section lossy artificial transmission line.

We define the sensitivity of the detector as the change
in the output voltage for a unit displacement in the mem-
brane positions:

AVvout

Ax (12)

|

Egs. (8) and (10) imply that the sensitivity of the detector
increases indefinitely with n. However, this is not the case.
The loss of the artificial transmission line is determined
by the attenuation constant «, and it grows exponentially
with n. This loss causes a reduction in the output, and the
sensitivity of the direct detection is expressed as

S = VRF(;‘_ann—ﬁO ‘Cppo .

13
4.’7,‘(] Co ( )

This sensitivity expression contains a term that increases
linearly with n and a term that decreases exponentially
with n. This means that there is an optimum number of
sections nep, beyond which the output starts to decrease
with increasing n. The optimum 7 value is determined
by taking the derivative of the sensitivity expression with
respect to n, which gives nep = 1/a. The maximum sen-
sitivity obtained for n = n,,¢ can be written as
Bo  Cppo

S'ma,'.l: = VR P

. 14
£ 460/,ZEO CO ( )

The sensitivity is proportional to the RF frequency,
which is inherent in By. Therefore, we may expect to get
as much sensitivity as we want if we go up in frequency.
However, this is not the case because of the exponential
increase in the RF losses.

The main loss mechanism in the artificial transmission
line we are concerned with is the resistance of the inter-
connection lines between the membranes. This ohmic loss
can be modeled as a resistance ro in series with the in-
ductors as shown in Fig. 4. Another loss mechanism is the
shunt losses associated with the finite resistivity and the
loss tangent of the substrate. This loss can be modeled as a
resistor Ry in parallel with the capacitors. The attenuation
constant for a lossy artificial transmission line is derived
in [19], which is

(15)

935

|
T

|

Fig. 5. A simplified schematic of an air-bridge.

For semi-insulating substrates, the ohmic loss is the dom-
inant one so that the second term in (15) can be omitted.

IV. DEVICE DESIGN AND FABRICATION

Although we have mentioned only membranes un-
til now, the new method can also be applied to simi-
lar structures. The main idea. is to integrate the micro-
electromechanical capacitive device in the form of an arti-
ficial transmission line and use a high frequency RF signal
to sense the displacement of the device. In this work, we
used air-bridges as ultrasonic transducers instead of mem-
branes for faster proof of the method because of its ease of
fabrication. The way to incorporate this method in regular
membrane structures is a little bit more tricky and will be
discussed later.

The air-bridge structure, which is a new type of capaci-
tive ultrasonic transducer, is very similar to a rectangular
membrane. The only difference is that an air-bridge has
two free edges as shown in Fig. 5, whereas a rectangular
membrane is clamped on all edges. For this reason, air-
bridge transducers are not suitable for immersion applica-
tions. The gap cannot be isolated from the medium, and
water inside the gap kills the membrane vibrations. How-
ever, the free edges are advantageous in air applications. It
provides higher average displacement and larger aperture
for the air inside the gap to go in and out. This decreases
the streaming air resistance and the squeeze film damp-
ing. There are a few problems though with the air-bridge
structure used here. It is not repeatable because of the
bridge material (aluminum) whose residual stress is not
controllable. The other problem is the durability. In short,
the problems of the air-bridge transducer are associated
with the membrane material and the fabrication process.
With a couple of changes in the process and switching to a
dielectric bridge material metalized on top, the air-bridge
transducer can be improved considerably. However, this is
not the scope of this work. v

The air-bridge transducers we fabricated basically con-
sist of a co-planar waveguide (CPW) line, which is peri-
odically loaded with air-bridges. CPW is a planar trans-
mission media in which the signal line is located between
two ground planes. The air-bridges connect the two ground
planes and, therefore, pass over the signal line. This cre-
ates a capacitance between the signal line and the ground,
which makes up the capacitive transducer (Fig. 6). We
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substrate

Fig. 6. A section of an artificial transmission line with an air-bridge.

can model the lines connecting the bottom electrodes of
the bridges as inductors. The result is the LC network
shown in Fig. 4 to which all of the previous formulation
applies. The area of the bottom electrode (I, x wp) and
the gap height (z¢) of the air-bridge determine the bridge
capacitance (Cp). The line width (w) and gap (g) of the
CPW together with its length (p) determine the induc-
tance (L). Finally, the substrate resistivity and the CPW
line width and thickness determine the loss resistances (R
and 7). These are the design parameters to be calculated
and optimized. The values can be applied to the mathe-
matical formulation described in the previous section to
predict the displacement sensitivity of the transducer as a
detector.

On the other hand, the length (l,) and the thickness
(tp) of the air-bridge are the parameters to be determined
to set the resonance frequency and the spring constant of
the air-bridge. Because the parameters that determine the
electrical and mechanical properties are mostly different,
their design can be done independently.

Technically, an air-bridge is a plate clamped at both
ends. The width of the bridge is usually much larger than
its thickness. Then, we can assume that the plate is infinite
in one direction and can solve the two-dimensional prob-
lem. In two dimensions, the plate reduces to a bar clamped
at both ends whose mechanical resonances are [20]

T QK2

=3\ (16)

.52

Vn

where () is the Young’s modulus, p is the density of the
bridge material, and x is a geometrical parameter deter-
mined by the bridge thickness:

Vi2'

By, are the constants with the values £, =
2.4997, and B, =n + 0.5 for n > 2.
Although dielectrics are far superior to metals in terms
of mechanical properties, aluminum has reasonably good
mechanical properties too. For practical bridge dimen-
sions, it can support the bridge above the bottom elec-
trode without collapsing and still give reasonable reso-
nance frequencies: Q4 = 6.3 x 101 (N/m?) and py =

1.5056, By =
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TABLE I
GEOMETRICAT, PARAMETERS OF A UNIT SECTION.

Symbol Description Value (pm)

P Inductor length 60
w Inductor width 10
g CPW gap 24
le Capacitor length 30
We Capacitor width 40
t Metalization thickness 1

1y, Bridge length 80
) Bridge height 0.35
tp Bridge thickness 1.2

2695 (kg/m?). Inserting these values in (16), the first res-
onance frequency of the Al air-bridge, v, simplifies to

i
m:mmﬁ(Mm)
b

where t, and [, are in units of microns. In this work, we
chose the bridge thickness to be 1.2 um. Our design goal
for the resonance frequency is something above 1 MHz.
Among various designs we fabricated, we will demonstrate
results on two particular ones. They have bridge lengths of
80 and 70 pm, which puts the first mechanical resonance
frequency at 0.93 and 1.2 MHz, respectively.

The mechanical bandwidth of the air-bridge is deter-
mined by the structural and air-streaming losses. Although
these losses cannot be calculated easily and accurately,
finite element modeling and simulations can predict the
losses. However, both analytic calculations and finite ele-
ment simulations fall out of the scope of this work and,
therefore, are skipped.

For the electrical design of the detector, we have two ob-
jectives. One of them is to make the propagation constant
[ as large as possible. The other one is to keep the losses
as small as possible. All of these parameters can be calcu-
lated analytically, which provides us with a good starting
point. The calculations do not include the parasitic ca-
pacitances, inductances, or second-order losses. Therefore,
it needs electromagnetic simulations to fine tune the de-
sign and predict the performance of the detectors more
accurately. The objective of electromagnetic simulations
is to determine the lumped element model of a unit sec-
tion (Fig. 4) from which we are able to calculate the prop-
agation and attenuation constants and the sensitivity of
the detector.

Table I summarizes the geometrical parameters of one
of our designs. We use a high resistivity GaAs substrate
with a dielectric constant of 12.9. The metal we use is alu-
minum, which has a resistivity of 2.67 uQ-cm. We used
the EM simulator of Sonnet Software, which also extracts
the lumped element model of the structure, and calculate
L, C, r9, and R; values. The results are shown in Tables
IT and IIT as a function of frequency for Vg = 1 V. We
removed the shunt loss resistor R; from the tables, be-
cause it is quite large and has no effect on the attenuation
constant. This implies that the loss is totally dominated
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TABLE II
EXTRACTED LUMPED ELEMENT VALUES OF

THE UNIT SECTION OF TABLE L

fo L C T2 Za,

(GHz) (pH) (fF) (@) (@)
1 88.5 48.6 0.188 42.7
2 65.6 48.6 0.273 36.7
5 57.5 48.6  0.347 344
10 55.0 48.8 0.401 33.6
20 53.3 49.5 0479 32.8

TABLE TI1

CALCULATED VALUES USING THE LUMPED
ELEMENT MODEL OF TABLE II.

fO Su. q)O Smaz‘
(GHz)  (V/pm) molopt] (rad) (V/pm)

1 0.0067 450 5.9 1.1

2 0.0114 268 6.0 1.1

5 0.0268 198 10 2.0

10 0.0522 167 17 3.2

20 0.102 137 28 5.2

by the conductor losses. Notice that we have included S,
in Table III, which corresponds to the sensitivity of a unit
section. For small devices with few sections, the sensitivity
can be calculated by multiplying S, with the number of
sections.

Using the L and C values, it is possible to calculate the
Bragg frequency of the line in Table I, which turns out to
be around 1 THz. The frequencies we are interested in are
well below the Bragg frequency, which means that the LC
model we assume in the calculations is valid.

As predicted before, we see that the loss increases with
frequency. Consequently, the optimum number of sections
(ng[opt]) in Table ITI decreases with increasing frequency.
The sensitivity plot shown in Fig. 7, as a function of n and
fo, shows the detector performance more clearly. For con-

300

Fig. 7. Sensitivity as a function of n and fo.
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stant frequency, there is an optimum number of sections
that maximizes the sensitivity. The plot also tells that for
this particular design, we may get better sensitivity figures
if we go up in frequency.

The design shown here is actually not an optimum de-
sign. The sensitivity can be further increased. The main
concern is to increase the propagation constant (3) while
keeping the losses low for a fixed unit cell. This can be
accomplished by optimizing the geometrical parameters
shown in Table I. Obviously, some of these parameters
conflict with each other, such as inductor length and ca-
pacitor width, and we have to find an optimum point. EM
simulations show that the optimum point is the capacitor
covering between 60 to 80% of the unit cell. We may also
decrease the inductor width to increase the inductance,
but it also increases the losses. Although this parameter
does not have much effect on the overall sensitivity, EM
simulations show that an inductor width of 20 pm is the
best choice. The capacitor length and the gap height are
the two parameters that do not conflict with any other. We
can increase the capacitor length as much as the unit cell
allows and decrease the gap height as much as the process
allows. They both result in a good increase in sensitivity.
One last important parameter is the metalization, which
should be as thick as practical. It decreases the losses and
makes longer lines possible.

All of the simulations suggest that we make the capac-
itor larger to get more sensitivity. There is one downside
of it though, which is the characteristic impedance of the
line. It drops to teens for the optimum geometry, which
creates a great mismatch to a 50-£2 system. This may sug-
gest big reflections and loss of RF signal, but it is not the
case. Because this detector is supposed to work at a single
RF frequency, matching it to 50 € is fairly easy. Another
possibility is to design the whole electronics to match the
artificial transmission line.

It is important to note that, for substrates with lower
resistivity, the substrate losses dominate the conductor
losses, which degrades the sensitivity considerably. Recall
that, in usual cMUTSs, SiN membranes are fabricated on
heavily doped silicon, which is used as a ground plane.
This occurs to be a problem in applying this new method
to membrane devices. However, this can be solved by using
a semi-insulating or insulating substrate and defining the
ground plane with a separate metalization.

The fabrication of the transducers is rather simple. We
used a standard air-bridge process. A simplified process
diagram is shown in Fig. 8. The first step is a metaliza~
tion step, which defines the CPW line. The next step is
the sacrificial layer growth, which will be removed in the
end. We used hard-baked photoresist as a sacrificial layer.
After spinning 1.5 pum of positive photoresist, we pattern
it using conventional lithography. Then, we hard bake it at
140°C for 30 min. Finally, we thin it down to the desired
thickness with plasma etching. The third step is the bridge
metalization step. At last, the device is soaked in acetone
for sacrificial layer removal and cleaned with reactive ion
etching (RIE).
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Fig. 8. Simplified diagram of an air-bridge process.

Fig. 9. SEM photograph of an artificial transmission line section with
an air-bridge.

In all of the metalization steps that are done by lift
off, image reversal technique is used instead of the conven-
tional lithography. Image reversal makes the lift-off process
much easier, especially for thick metalizations. In addition,
it provides clean edges without any overshoots, which is
crucial for the air-bridges. The SEM photograph of a fin-
ished device in Fig. 9 shows a unit section. The geometrical
parameters of this device, such as metalization thickness,
bridge thickness, and gap height, are those listed in Ta-
ble I.

V. EXPERIMENTAL RESULTS

We have performed five basic experiments on the fab-
ricated devices. First, we measured the lumped element
values that were predicted by the electromagnetic simula-
tions to see the accuracy of our model. Then, we measured
the static mechanical behavior of the air-bridges, which we
compared with the predicted sensitivity. The third experi-
ment is the excitation experiment. It gives us the dynamic
mechanical response of the air-bridges from which we can
extract the Mason’s equivalent circuit for the mechanical
port. The other two experiments are transmit-receive and
pulse-echo experiments.

It is possible to extract the lumped element values of an
artificial transmission line that are shown in Fig. 4 from the
measured S-parameters. We first convert the S-parameters
into ABCD parameters. Then, we can extract the charac-
teristic impedance and the propagation constant of the ar-
tificial transmission line from the ABCD parameters from
which we can calculate the lumped element values [21].
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Fig. 10. The result of the interferometric detection experiment per-
formed on electrostatically deflected bridges.

When we compare the measurement and simulation re-
sults, we see that Cy, 9, and Ry are predicted very well
with the electromagnetic simulation. The measured value
of L is slightly smaller than the predicted value. This dif-
ference is about 10% and decreases for devices that. have
wider bridges. The effect of this difference on our calcula-
tions is not significant at all. Then, we conclude that we
can use the lumped model extracted by the electromag-
netic simulations with good accuracy.

When we apply a DC bias between the signal and the
ground planes of the CPW, there is an electrostatic attrac-
tion force between the two plates of the capacitor. Being
the top plate of the capacitor, the bridge deflects down.
The amount of deflection can be calculated as described
n [22], [23], where the spring constant of the bridges is
measured by surface texture analysis. Thus, using the new
method with interferometric detection, we can measure the
deflection of the bridges and compare it with the calculated
values.

We apply the DC bias through a bias-T. The RF signal
is at 2 GHz with 10-dBm (Vgr = 1 V) power. The DC bias
voltage is swept from 0 to the collapse voltage with steps
of 10 mV. The output is passed through a DC amplifier of
gain 10 and is measured with a multimeter through HP-
IB interface. The measurement result is plotted in Fig. 10
together with the calculation result. The device contains
44 sections, where the geometrical parameters arc those
listed in Table I. The calculation result assumes that the
bridge height is uniform throughout the device with a value
of zo = 0.35 pum. The spring constant is measured to be
k =275 N/m as found by surface texture analysis.

We see in Fig. 10 that the measured result is in good
agreement with the calculated one. The slight difference
is because of the bridge height distribution. The bridge
height is not uniform over the 44 section device as assumed
in the calculations. Because of the fabrication process, it
has some variation. This is already evident from the lower
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Fig. 11. Excitation experiment setup. Vs is used to vibrate the
bridges through a bias T. The RF source feeds the artificial trans-
mission line, and the spectrum analyzer monitors the transmitted
signal.

collapse voltage of the measured data. Detailed discussion
on this subject can be found in [19)].

Our third experiment is the excitation experiment in
which we use the transducer as a transmitter. We apply
an AC signal on top of the DC bias voltage to vibrate
the bridges and vary the frequency to see the frequency
response. At the same time, we apply the high frequency
RF signal through a bias-T to measure the vibration am-
plitude of the bridges. '

The excitation experiment setup is shown in Fig. 11.
This setup is actually a simplified form of the direct detec-
tion method in Fig. 3(b). The splitting of the signal into a
reference arm, mixing with the modulated signal and sub-
sequent low-pass filtering, are all done by the spectrum
analyzer. On the spectrum analyzer display, we see the
main signal at fy and the sidebands at fo + fi. We mea-
sure the sideband peaks, convert them to voltage, and plot.
The numbers we obtain are actually equal to the numbers
we would get from a direct detection circuitry with ideal
components. The high-pass filters are added to prevent
the low-frequency excitation loading the RF source and
the spectrum analyzer.

We perform this excitation experiment on the same type
of device for which simulation results are shown. The AC
voltage is 5 V, peak to peak. The RF is 2 GHz with an
amplitude of 1 V. According to (16), we expect the res-
onance frequency to be 0.93 MHz. Fig. 12 shows the ex-
perimental results of devices with 8, 22, and 44 sections.
The measured resonance frequency is ~1.39 MHz, which
is substantially higher than expected. The reason for this
difference is the internal residual stress, which is ignored
n (16). Another source of this difference is probably the
squeezed film damping. Using the measured data, we find
that the vibration amplitude is 6 A/V for this device at
its resonance frequency. This figure is considerably lower
than the typical silicon nitride membranes [1]. The reason
is the high mechanical losses, which are evident from the
low quality factor of the air-bridge transducers (around 4
for this particular device).

Fig. 13 shows the results of the excitation experiments
done on another device with 22 sections. The bridge
length, width, and height of this device are 70, 80, and
0.4 pm, respectively. The capacitor width on the other
hand is 26 um for this device. The rest of the parameters
are the same as the previous one. The AC voltage, RF, and
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Fig. 12. Excitation experiment results performed on devices with
lp = 80 pm.

2.5 T T T T

4 6
f, (MHz)

Fig. 13. Excitation experiment results performed on devices with
lp =70 pm.

amplitude are kept the same. The resonance frequency pre-
dicted by (16) for this device is 1.2 MHz. However, the first
resonance frequency occurs at 2 MHz. The percentage shift
in the resonance frequency with respect to the predictions
is even larger for this device. On the other hand, the Q
factor is 13, which implies lower mechanical loss as com-
pared with the former device. The vibration amplitude is
calculated to be 60 A/V at the resonance frequency, which
again reflects the lower mechanical loss.

The fourth experiment was to place the detector on top
of a piezoelectric transducer and drive the piezoelectric
transducer with a 10-V AC signal at 2 MHz. The wave gen-
erated by the transducer travels through the substrate and
excites the bridges. The bridge vibrations are measured us-
ing our method with direct detection, where a spectrum
analyzer is utilized in the same way as the previous ex-
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Fig. 14. Detection experiment setup. RF signal source feeds the ar-
tificial line, and the signal source drives the piezoelectric transducer.
The spectrum analyzer monitors the transmitted signal.

0 200 400 600 800 1000
f, (MHz)

Fig. 15. Si sample. The output power measured as a function of RF
signal.

periment. The measurement setup is shown in Fig. 14. We
could not make an air-coupled measurement because we
could not get close to the detector and the attenuation
in air did not allow us to place the transmitter too far.
Therefore, we put the transmitter at the back side of the
detector. In this way, we were able to couple the ultrasound
to our detectors in a more efficient way.

In this experimental setup, we are able to sweep the RF
fo while keeping the ultrasound frequency and amplitude
constant. In this way, we determined the relative sensitiv-
ity as a function of RF. Fig. 15 and 16 show the results of
this experiment performed on two different devices with
an RF voltage of 0.33 V. The first one is a device with
22 sections, where the bridge length, width, and thickness
are 50, 38, and 1.0 pum, respectively. The gap thickness was
designed to be 1 pm, but, because of the fabrication pro-
cess, it turned out to be much lower and very non-uniform.
The capacitor dimensions are 38 pm on each side, and the
inductor width and length are 10 ym and 100 u, respec-
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Fig. 16. GaAs sample. The output power measured as a function RF
signal.

tively. The bridge material is aluminum, and the substrate
is silicon with a resistivity of 3 to 5 Q-cm. Because of the
medium resistivity of the silicon substrate, the RF losses
were quite dominant. This limits the maximum RF we can
use to 300 MHz as shown in Fig. 15. However, it is clear
from the figure that the sensitivity increases linearly up to
the frequency where losses start to dominate.

Fig. 16 shows the results of the same experiment done
on the same kind of device built on a semi-insulating GaAs
substrate. However, this time the fabrication process was
corrected, and the gap thickness obtained was 1 ym. Using
a semi-insulating substrate suppresses the losses consider-
ably and allows us to use quite high RF. The plot shows
that the sensitivity does increase with RF, where the opti-
mum frequency for this particular device is > 20 GHz. The
fluctuations in the sensitivity are caused by the reflections
and standing waves in RF path. )

In the Mason’s equivalent circuit for electrostatic driv-
ing systems, the mechanical port is modeled as a series
R,.L,,C,, circuit loaded with the acoustical impedance of
the surrounding medium. The R,, value accounts for the
mechanical losses and determines the mechanical band-
width of the system. The L,, and C,, values determine
the mechanical resonance. At the mechanical resonance
frequency of the system, the impedance of L,, and C,,
cancel each other, and the acoustical impedance is real. In
the mechanical circuit, the pressure and the particle veloc-
ity are analogous to voltage and current of the electrical
circuit, respectively.

From excitation experiments, we can measure the vi-
bration amplitudes of the bridges. Because we know the
force we apply, it is possible to calculate the acoustical
impedance of the bridges at the resonance frequency. The
particle velocity is found using || = |jwz|. The force we
apply is
€A
;_(Q)I/o V1

Fac =
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TABLE IV
MASON’S EQUIVALENT CIRCUIT VALUES EXTRACTED
FOR THE BRIDGES OF THE MEASURED DEVICES.

Device 1 2
2o (pum) 0.35 0.4
Vout (mv) 0.12 2.2
Az (A) 6 60
fm (MHz) 1.4 2
& (m/s) 0.0053  0.075
Fac (uN) 0.22 0.29
Ry (kg/m?s) 16k 250
Q 4 13
Ly (kg/m?) 7.7m  0.7lm
Cm (m?%s?/kg)  1.7p  8.9p

where Vs is the offset voltage and V; is the AC voltage
amplitude. A is the effective area where the electrostatic
attraction takes place. From the force we apply, the pres-
sure on the bridges can be evaluated. Analogous to circuit
theory the mechanical loss impedance of the air-bridges
is R,, = P/|&| — Ry at the resonance frequency, where
Rgir 18 the acoustical impedance of air. The @ of the series
R,,L,,C,, circuit is

Q — \% Lm/Cm

b
Ry
and the resonance frequency is

1
" 27ICon

Because we know @), and f,, from excitation experiments,
we can calculate L,, and C,,. For the two devices used in
the excitation experiments, we find the mechanical circuit
values as shown in Table IV.

The high value of R,, calculated for device 1 is because
of its low Q. On the other hand, device 2 has a much lower
mechanical loss impedance in accordance with the higher
Q value measured. This means that, in transmit, most of
the electrical power delivered to the transducer is trans-
mitted into air, and a small portion of it is lost. A similar
argument applies on receive too. Because of these reasons,
the second device is a good candidate for a pulse-echo mea-
surement, which is our fifth experiment. The result of the
experiment is shown in Fig. 17. The device contains 38
sections, which makes a total length of 3.8 mm. The width
of the device is 100 pm. Thus, it is actually a line source in
transmitting mode. A cylindrical reflector with a radius of
~1 cm is placed above the device so that the total distance
that the acoustic wave propagates is ~2 cm. The applied
pulse is a burst at 2 MHz with a burst count of 40 cycles.
The propagation time of the pulse is ~60 us, which is also
evident from the echo of the transmitted signal.

This experiment is quite important in the sense that
the device we used is a very small one and still we are able
to detect the echo of the transmitted signal. The received
signal is 34 dB below the transmitted signal; ~13 dB of it
is due to the attenuation of ultrasound in air.

fm
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Fig. 17. Pulse-echo measurement result.

VI. CONCLUSION

In this work, we have introduced a new detection
method for CMUTSs. The main theme of this new method
is the use of a high frequency RF signal instead of a DC
bias voltage. There are various advantages of this new
method compared with the conventional one. First of all,
the sensitivity is improved considerably. The improvement
in the sensitivity is determined by the ratio of the RF sig-
nal to the ultrasound frequency. Therefore, the higher RF
we use, the higher sensitivity we get. Finally, the sensitiv-
ity of the new method does not depend on the ultrasound
frequency in contrast to the conventional method. There-
fore, the improvement in the sensitivity is even better for
low frequency applications [24], [25].

The good agreement between the measurements and
theory indicate that the model we use and the calcula-
tions are quite accurate. Although a spectrum analyzer is
used in some of the measurements, the detection circuitry
shown in Fig. 3(a and b) can be built on-chip with the
transducer resulting in a monolithic system.

For the device on which we performed the DC experi-
ment, the sensitivity is measured to be ~0.2 V/um. If we
compare this sensitivity with thermal noise voltage, we ob-
tain the minimum detectable displacement of the device,
which turns out to be Az, = ~2 ><10*5A/\/ﬁ£. Recall
that the experiment was done at 2 GHz with 1 V of RF
amplitude. If we increase the RF and amplitude further,
reduce the bridge height, and use the optimum number of
sections Az, with an optimized geometry, we can reduce
the minimum detectable displacement below 10~7A/v/Hz.
However, this is a very rough estimate, which ignores most
of the noise sources. An accurate calculation of the min-
imum detectable displacement requires a thorough noise
analysis, which will be done in a separate work.
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